Abstract This study was aimed to investigate the changes in the human electroencephalographic (EEG) signal caused by modulated low-level microwaves. The 450 MHz microwave exposure modulated at 40 Hz and 70 Hz frequencies was applied to a group of 15 volunteers. The field power density at the scalp was 0.16 mW/cm 2 . Ten cycles of the exposure (1 min on and 1 min off) at both modulation frequencies were applied. Analysis of the EEG signal was performed using three different methods: nonlinear method of scaling analysis for length distribution of low variability periods (LDLVP), relative changes in EEG energy (S-parameter) and beta ratio (H-parameter). The analysis revealed significant changes caused by microwave for the whole group (H-parameter method). The exposure caused increase of the EEG beta power (S-parameter method). Statistically significant changes in EEG were detected for four subjects (26.7%) at 40 Hz modulation frequency (LDLVP method).
Introduction
The nervous system has been thought to be most sensitive to external electromagnetic fields (EMF) since there is a tremendous electrical activity in neural processes. Information processing and transmission in nervous system is based on bioelectromagnetic phenomena. Therefore, it can be expected that EMF effects appear most likely in nervous system.
Modulated microwave radiation at non-thermal level of field power density can affect human central nervous system in a sensible way. However, the effect is weak and difficult-to-detect. Several investigators have reported that low-level exposure produces alterations in the EEG signal and brain behavior (Mann and Roschke 1996; Borbely et al. 1999; Huber et al. 2000; Lass et al. 2002; Hinrikus et al. 2004; Curcio et al. 2005) , while others conclude that exposure to electromagnetic field does not alter resting EEG (Hietanen et al. 2000; . Reports of possible non-thermal EMF effects are often contradictory and the difficulties in independent repeating of the experimental results cause doubts. Mechanisms behind the effects are still unclear.
In our previous studies the relative changes in the EEG rhythms energy caused by microwave radiation modulated inside the EEG physiological spectrum at frequencies 7 Hz, 14 Hz and 21 Hz were investigated (Hinrikus et al. , 2005 . The conclusion was that the effect produced by microwave radiation has a clear frequency dependence and increases with modulation frequency. The influence of microwave with modulation frequency 217 Hz-technical frequency much higher than the EEG rhythms-has been also reported to produce statistically significant changes in time variability and intensity of the EEG signal for 10-20% of healthy subjects (Bachmann et al. 2004 ).
This study was aimed to evaluate the effect of microwave modulated with intermediate frequencies 40 Hz and 70 Hz. The same exposure conditions utilized in our previous studies were applied (Hinrikus et al. , 2005 Bachmann et al. 2004) . The mechanism of low-level microwave effect on biological tissues is still not clear. Therefore, it is not possible to predict the character of changes in brain bioelectrical activity: the effect could be related to stimulation or depression of the brain activity, which leads to changes in intensity of the EEG signal. The effect could be also related to changes on neurons spiking frequency or processes in synapses, which leads to changes in time variability of the EEG signal. Therefore three methods were selected for EEG analysis: scaling analysis of length distribution of low variability periods (LDLVP) as sensitive to signal time variability (Bachmann et al. 2005a) , relative change in the EEG energy ) as sensitive to energy variations and beta ratio as sensitive to energy distribution inside the EEG spectrum. The hypothesis was that measures calculated with these methods differ for EEG signals recorded with and without microwave exposure.
Method and equipment

Subjects
Our experiments were carried out on a group of healthy volunteers, consisting of 15 young persons (aged 21-24): eight male and seven female. A questionnaire and a clinical interview were used to evaluate their physical and mental condition (tiredness, sleepiness) before the experiment. All the subjects selected had no medical or psychiatric disorders and tired or sleepy persons were excluded. After the recordings, they were asked to describe how they were feeling during the experiment. The subjects reported neither alertness nor any strain experienced during the recordings. The experiments were conducted with understanding and written consent of each participant.
During the experiments, the experimenter and the subjects were in the same laboratory room. The room was dark and the subjects were lying in a relaxed position, eyes closed and ears blocked during the experiments.
All the subjects passed two recording sessions-with microwave exposure and sham exposure. For each recording session, the exposure condition was randomly assigned. The subjects were not informed of their exposure during a session, however, they were aware of the possibility of being exposed. Only one experimental EEG recording session was performed for a subject during a day between the time interval of 9 a.m. to noon.
The study was conducted in accordance with the Declaration of Helsinki and was formally approved by the local Medical Research Ethics Committee.
Microwave exposure
Microwave exposure at the non-thermal level of field power density was selected identical to that in our previous studies except modulation frequencies (Lass et al. 2002; Hinrikus et al. 2004 Hinrikus et al. , 2005 Bachmann et al. 2004; Bachmann et al. 2005a) . Exposure conditions were the same for all subjects.
450 MHz microwave radiation was 100% pulse-modulated at 40 and 70 Hz frequency (duty cycle 50%). The output power of 1 W electromagnetic radiation was guided by a coaxial lead to the 13 cm quarter-wave antenna located 10 cm from skin on the left side of head.
Estimated field power density at skin was 0.16 mW/cm 2 and SAR value 0.35 W/kg ).
Recording protocols and equipment
Our experimental study was performed according to recording protocol identical for all subjects. All subjects passed two recording protocols with microwave exposure and sham. The protocol with exposure lasted 40 min, during which the resting eyes closed EEG was continuously recorded. For the duration of every even minute of the recording the subject was exposed to microwave at modulation frequency 40 or 70 Hz. The pair of successive reference minute followed by exposed minute was an exposure cycle. Twenty exposure cycles were applied during a recording: first ten exposure cycles were performed at first and ten last at second modulation frequency. Selection of 40 or 70 Hz as first or second modulation frequency was randomly assigned.
Sham recording session used the same protocol, except that the microwave power was switched off. For each recording session, the exposure conditions were randomly assigned between subjects.
Cadwell Easy II EEG measurement equipment was used for the EEG recordings. The EEG was recorded using 19 electrodes, which were placed on the subject's head according to the international 10-20-electrode position classification system. The channels for analysis were chosen to cover the entire head: frontal-FP1, FP2; temporal-T3, T4; parietal-P3, P4; occipital-O1, O2; and the reference electrode Cz. The EEG recordings were stored on a computer at a 400 Hz sampling frequency.
The pre-processing of the signals was performed in the LabVIEW programming and signal-processing environment.
The EEG spectrum 0.5-39 Hz was selected for the analysis.
Analysis of the EEG based on the LDLVP method
Initially, all the EEG recordings were divided into two subsignals: the first sub-signal contained all odd minutes from the initial EEG recording (1 min periods without microwave exposure), and the second sub-signal contained all even minutes of the initial EEG recording with microwave exposure. Odd and even minutes from sham recordings were divided similarly.
The scaling analysis utilizing LDLVP method was applied for two sub-signals.
The LDLVP method has been used and described in details in our previous studies (Bachmann et al. 2005a; Kalda et al. 2001; Säkki et al. 2004 ). Here we provide a brief summary of this method.
First, we define the local variability as the deviation of the current value of the signal from the local average
where V(t) is the recorded voltage, and the time-window width T is a free (adjustable) parameter. For EEG signals, a reasonable value is provided by T = 60 ms (Bachmann et al. 2005a ). Secondly, low-variability periods are defined as continuous intervals with
Finally, the number of low-variability periods N exceeding length T 0 is plotted against length T 0 , see Fig. 1 .
The value of d 0 was adjusted for each recording individually, reaching a minimum value so that, for both subsignals, the length of the longest low-variability period was at least 3,750 ms.
The hypothesis of this work was that microwave exposure increases EEG variability. Owing to higher variability, there are fewer long low-variability periods. Therefore it is expected that microwave exposure decreases the area of the T 0 (N)-curve (see Fig. 1 ), due to faster cut-off at large values of T 0 . According to this assumption, the weighted area
of the function T 0 ¼ T 0 ðNÞ was selected as the non-linear quantitative measure.
Analysis of the EEG based on the S-parameter method
Relative changes in the EEG energy between segments with and without exposure were selected as a measure for detection of the microwave effect on signal intensity. The analysis method was applied in our previous study (Hinrikus et al. 2005) , except for different comparison segments. The energies of the different EEG rhythms were analyzed separately. Therefore, at first, the energies of the four basic EEG rhythm frequencies, theta (4-7 Hz), alpha (8-13 Hz), beta1 (15-20 Hz) and beta2 (22-38 Hz), were extracted from the total EEG signal (0.5-39 Hz) by filtering.
Next, the average energies for segments with and without stimulation were compared. Comparison segments for the S-parameter were selected as the first 30 sec from the reference (unexposed) minute and first 30 s from the exposed minute in an exposure cycle.
The average energy of an arbitrary comparison segment was calculated as follows:
where x is the amplitude of the recorded signal and N is the number of samples, during 30 sec N ¼ 12; 000. The relative change in the energy of the recording segments with and without stimulation was selected for further analysis. Finally, parameter S was calculated as follows: where s 1 and s 2 were the average energies inside the comparison segments without and with stimulation, respectively. For sham recordings the same parameter was calculated for comparison segments as first 30 s of even and first 30 s of odd minutes of the recordings.
2.6 Analysis of the EEG based on the H-parameter method
The relative difference in power distribution between beta and theta rhythms inside EEG spectrum was selected as the third measure for estimation of the effect of microwaves. For this method the subsignals were created using the method formerly described with a small exception: every recording was divided into two subsignals utilizing only the first 30 s of every recorded minute.
Next, the power spectral density (PSD) was estimated by means of Welch's averaged periodogram method. A subsignal was divided into overlapping sections (50%), with the length of 2,048 points and windowed by the Hanning window. Afterwards, the power on the theta (W tmn ) and beta band (W bmn ) was computed for each subject (indexed by n 2 ½1; 15) and subsignal (indexed by m ¼ 1; 2) as the area under the spectrum for the corresponding frequency band (integral of the band).
The relative difference of the beta and theta rhythms power was selected for further analysis. Finally, parameter H for a subject was calculated as follows:
where W b and W t are the beta and theta rhythms power respectively. The values of the parameter H for P channels for the individual subjects and for all recordings' subsignals were calculated.
Signal processing and calculation of the parameters were performed in the MatLab and LabVIEW programming and signal processing environment.
Statistical analysis
For sham recordings, sub-signals were completely equivalent. The mathematical expectation of the difference in the calculated EEG parameters is zero, and natural variability of the parameter could be obtained as the standard deviation r sh for sham recordings.
The ratio of the difference of the computed parameters for exposed and reference signals to the standard deviation of the sham recordings was used for evaluation and respective p-values are obtained by means of the cumulative f-distribution:
where P 1n and P 2n are values of a parameter for non-exposed and exposed signals for a subject. For post hoc analysis the modified Bonferroni correction was applied according to which the smallest p-value is to be multiplied by the number of data points 15, the second smallest is to be multiplied by 15/2 = 7.5 etc. Two-tailed paired Student t-test was performed for statistical analysis of results for a group.
Results
The results of LDLVP analysis for a subject are presented in Fig. 1 . As can be seen, microwave exposure lowers the curve at the right-hand part of the graph (large values of T 0 ). Such a change in curve indicates that microwave exposure increases variability of the EEG signal: owing to higher variability there are fewer long low variability periods.
The results of the S-parameter analysis for the whole group are presented in Fig. 2 . The graph illustrates the effect of microwave exposure-changes between exposed and not exposed segments of the recordings on different EEG rhythms and for sham, 40 Hz and 70 Hz modulation frequency. As can be seen, microwave exposure causes increase in energy of the EEG beta1 and beta2 rhythms.
The results of analysis using relative difference in power distribution between beta and theta rhythms inside EEG (H-parameter) are presented in the Fig. 3 . The largest difference between exposed and reference sub-signals can be seen at modulation frequency 40 Hz. It is also noticeable that parameter H is less negative for subsignals in the case The results of statistical analysis of the LDLVP quantitative measures and of the S-parameter for beta2 rhythm at modulation frequency 40 and 70 Hz recordings, calculated for each subject, are presented in Table 1 . Statistically significant results occur only at modulation frequency 40 Hz. As can be seen in Table 1 , after Bonferroni correction the analysis resulted in p-values lower than 0.05 for four subjects in the case of LDLVP method and two subjects in the case of S-parameter method at modulation frequency 40 Hz. The outcome of statistical analysis of the parameter H for modulation frequencies 40 and 70 Hz, calculated for each subject, did not produce any significant result.
Discussion
As Table 1 illustrates, the LDLVP presents the best outcome at modulation frequency 40 Hz, resulting in significant results for four subjects. Accordingly, significant effect of exposure to the EEG signal was detected for 26.7 % of subjects.
Considering the direction of influence at modulation frequency 40 Hz, for two subjects under the exposure the computed LDLVP weighted area increased, and for two it decreased. For all subjects, the departure from the sham behavior is statistically reliable. This is somewhat different from what has been observed for the modulation frequency 7 Hz, when the sign of the departure was always negative (corresponding to increased variability) (Bachmann et al. 2005a) . However, the outcome of a study at modulation frequency 217 Hz, in which for half of the subjects the computed LDLVP weighted area decreased and for another half it decreased (Bachmann et al. 2005b ), coincides with current results at 40 Hz. The S-parameter measures exceeded the limit of significant deviation from zero hypothesis also at modulation frequency 40 Hz in beta2 frequency band (Table 1) , providing two significant cases out of 15, that is 13.3%. There were no significant results at modulation frequency 70 Hz.
The LDLVP and S-parameter measures didn't detect significant effect of microwave for the whole group. The reason can be high variability of the parameters between subjects as well as different individual sensitivity to microwave. The parameter H is consistent with the results of the above discussed parameters revealing the group effect at modulation frequency 40 Hz and indicating no significant differences between sham subsignals and subsignals from the recordings at modulation frequency 70 Hz.
As with all methods, modulation at frequency 70 Hz is not as effective as at 40 Hz. Possible reason is that 40 Hz is quite close to the EEG physiological frequencies and the switching with brain oscillations is more effective.
From those results it is difficult to conclude which measure, LDLVP, S-parameter or H-parameter, is more effective and whether the effect of modulation frequency 40 Hz appear rather in intensity (S-and H-parameter) or time variability (LDLVP) of the EEG signals. The results reported in our previous study with 7 Hz modulated microwave lead to the conclusion that the effect appears in time variability (Bachmann et al. 2005a) , while the next study concerning modulation frequency 217 Hz concluded that the effect is rather in intensity (Bachmann et al. 2005b) .
From Table 1 , it can be seen that the subjects having significant results with different methods overlap. The LDLVP method gave four significant results compared to two with the S-parameter. Furthermore, the H-parameter gives significant results for a group. This indicates that microwave stimulation causes different effects for different subjects and there is a need for various methods to detect those effects.
The analysis by the LDLVP method detected the effect of exposure at modulation frequency 40 Hz for 26.7% of subjects. For instance, the rate of multiple chemical sensitivity (MCS) occurrence is estimated to be between 2 and 10% in the general population (Cullen 1987) . Taking this into consideration, LDLVP method, S-parameter and Hparameter demonstrated good sensitivity detecting the effects of microwave stimulation at modulation frequency 40 Hz.
Main trend of changes caused by microwave exposure modulation frequencies was increase of the EEG energy in beta rhythm. Increased beta absolute power was also observed in alcohol-dependent subjects (Rangaswamy et al. 2002) .
Conclusion
450 MHz microwave exposure modulated at 40 Hz caused statistically significant changes in the EEG time variability (26.7% of subjects) and energy variations (13.3% of subjects). Changes in energy spectral distribution were statistically significant for the whole group. The main trend of changes was the increase in the EEG beta rhythm energy and the effect was more evident at the modulation frequency closer to the physiological EEG rhythms (40 Hz).
